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Deciphering the genetic code embedded within the hu-
man genome remains a significant challenge despite the
human genome consortium’s recent success at defining
its linear sequence (Lander et al. 2001; Venter et al.
2001). Although useful strategies exist to identify a large
percentage of protein-encoding regions, efforts to accu-
rately define functional sequences in the remaining ~97%
of the genome lag. Our primary interest has been to uti-
lize the evolutionary relationship and the universal nature
of genomic sequence information in vertebrates to reveal
functional elements in the human genome. This has been
achieved through the combined use of vertebrate com-
parative genomics to pinpoint highly conserved se-
quences as candidates for biological activity and trans-
genic mouse studies to address the functionality of
defined human DNA fragments. Accordingly, we de-
scribe strategies and insights into functional sequences in
the human genome through the use of comparative ge-
nomics coupled with functional studies in the mouse.

BACKGROUND

Mouse transgenesis experiments have constantly pro-
vided support for the universality of sequence-based reg-
ulatory information across vertebrates. Numerous exam-
ples exist where genes from a variety of vertebrates when
introduced into mice as genomic transgenes express in a
manner mimicking their expression in the natural host.
One example of this is the human apolipoprotein A1 gene
(APOAI), which has a well-described pattern of expres-
sion in the liver and intestines of both humans and mice.
Indeed, in human APOA transgenic mice, robust expres-
sion of the human gene in mouse liver and intestines was
observed, consistent with the mouse’s being able to rec-
ognize the regulatory sequences embedded within the hu-
man genomic transgene (Rubin et al. 1991). This APOA1
study reflects data from a large number of mouse trans-
genesis experiments over the past 15 years which have re-
peatedly supported the idea that despite the ~80 million
years since the last common ancestor of humans and
mice, regulatory information has been conserved, and
this supports the existence of a common gene regulatory
vocabulary residing in the mammalian genome.

A particularly revealing mouse transgenesis study in-
volved the generation and analysis of transgenic mice for
a human gene for which there is no ortholog in the mouse
genome. The human apolipoprotein (a) gene (apo(a)) re-
cently arose in old-world monkeys, and when a large hu-

man genomic transgene (250 kb) containing apo(a) and
flanking sequence was introduced into the mouse
genome, its tissue expression pattern and components of
its expression response to environmental factors mim-
icked that found in humans (Frazer et al. 1995). This
study again highlights the existence of a highly conserved
gene regulatory genetic code embedded in the noncoding
sequence of mammals that determines neighboring gene
expression characteristics.

IDENTIFICATION OF A GENE REGULATORY
ELEMENT THROUGH HUMAN-MOUSE
COMPARATIVE GENOMICS

One challenge following traditional mouse transgene-
sis experiments and the many reports of successful reca-
pitulation of human gene expression in the mouse is the
downstream determination of the precise cis-regulatory
sequences responsible for this activity. The recent avail-
ability of several vertebate genome sequences (human,
mouse, rat, fugu, zebrafish) (Lander et al. 2001; Venter et
al. 2001; Aparicio et al. 2002; Dehal et al. 2002; Water-
ston et al. 2002) has allowed the exploitation of compar-
ative sequence analysis to reveal conserved intervals in
the human genome as candidates for explaining this bio-
logical activity (Duret and Bucher 1997; Hardison et al.
1997; Hardison 2000; Pennacchio and Rubin 2001; Pen-
nacchio et al. 2003). Since whole-genome sequence data
sets for human and mouse are the most advanced (Lander
etal. 2001; Venter et al. 2001; Waterston et al. 2002), we
discuss the current power of comparing these two
genomes, as well as the potential limitations of this single
pair-wise comparison.

As an example of how comparative genomics can be
used as a starting point to lead biological experimenta-
tion, we previously compared human—mouse sequence in
an approximately one-megabase region (Mb) of human
chromosome 5q31 (including five interleukins [IL] and
18 other genes) and its orthologous mouse region (Loots
et al. 2000). This cross-species annotation of sequence
identified 90 elements =100 bp that were conserved be-
tween human and mouse at a level of =70% identity (Fig.
1A). Within this data set, several previously characterized
gene regulatory elements known to reside within this in-
terval were readily identified by human—mouse sequence
conservation, supporting the possibility of using such a
strategy to identify gene regulatory elements.
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Figure 1. Analysis of noncoding conservation on a region of human chromosome 5q31 con-
taining a cluster of interleukin genes. (4) Distribution of 90 human—mouse conserved non-
coding sequences in a 1-Mb region of human chromosome 5q31. These elements were se-
lected based on the criterion of each displaying =70% identity over =100 bp. Genes are
indicated by vertical gray boxes with arrowheads to the left of the boxes depicting the orien-
tation of transcription. To the right of the schematic, horizontal arrows depict the positions of
the conserved noncoding sequences with the most highly conserved 15 elements highlighted.
(B) VISTA analysis showing a human—mouse genomic sequence comparison of the /L-4 and
1L-13 region. 27 kb of human sequence is depicted on the x-axis with gene annotation indi-
cated above the plot. Exons are displayed as black rectangles, and the gene orientation by the
arrow’s direction. Percent identity of the orthologous mouse sequence to human is plotted on
the y-axis (50-100%). The graphical plot is based on sliding window analysis of the underly-
ing genomic alignment; in this illustration a 100-bp window is used which slides at 40-bp nu-
cleotide increments. The vertical arrow indicates the location of CNS1, which was identified
by its high degree of conservation between human and mouse (VISTA peak). (C) Expression
analysis of mice targeted for a deletion of CNS1. Mast and T cells were isolated from wild-
type, heterozygous, and homozygous mice for the deletion. In this example, T cells were stim-

To test the utility of comparative genomics to identify
previously unknown gene regulatory elements, we studied
the properties of a single conserved noncoding sequence
(CNS1) located within the 15-kb interval between [L-4
and /L-13 (Fig. 1B). This single element was chosen for
detailed characterization because of its large size and high
percent identity in the 1-Mb interval (400 bp at ~87%
identity between human and mouse). Furthermore, previ-
ous studies have suggested that /L-4 and /L-13 are coreg-
ulated in Ty,2 cells, raising the possibility that this single
element might explain the coregulation of these two
genes. To characterize the function of CNS1, both trans-
genic and knockout mouse studies were performed (Loots
et al. 2000; Mohrs et al. 2001). These independent in vivo
strategies both revealed that CNS1 dramatically affected
the expression of three human cytokine genes (/L-4, IL-5,
and /L-13) separated by more than 120 kb of sequence.
For instance, in mice engineered to lack CNSI1, a signifi-
cant reduction in the number of T cells secreting IL-4 was
found, and this effect was not seen in Mast cells (Fig. 1C)
(Mohrs et al. 2001). Thus, conservation of sequence alone
led to the identification of a novel gene regulatory element
that acts over long distances. Subsequent studies on CNS1
have further supported that this 400-bp element contains
transcription factor-binding sites that co-activate /L-4, IL-
5, and IL-13 (Lee et al. 2001; Mohrs et al. 2001). It is in-
teresting to note that although additional genes are found
interspersed within these interleukin clusters, only the

ulated with PMA, and the number of IL-4-secreting cells was determined.

three interleukin genes appear to have altered expression
when CNS1 is deleted in vivo.

This single study illustrated the complexity of long-
range gene regulatory elements and the power of compar-
ative biology to discover them. In the case of CNSI, as
well as numerous other previously identified gene en-
hancers, these elements are found within highly conserved
human—mouse intervals that are devoid of flanking non-
coding conservation, making their identification straight-
forward. These findings implied that the rapid scanning of
the human genome for noncoding conservation with
mouse should reveal a large number of human gene regu-
latory elements, but how well does this hold true?

PITFALLS: AN EXAMPLE WHERE
COMPARATIVE GENOMICS FAILS TO
REVEAL A GENE REGULATORY ELEMENT

In the field of science, hypotheses are put forth, and
those that withstand rigorous testing are commonly re-
ported as positive findings. Unfortunately, in addition to
these positive stories, there are numerous failed experi-
ments that more often than not go unreported. Although
an increasing number of discoveries have been made us-
ing comparative genomics as a starting point with the hy-
pothesis that conserved sequences are functionally im-
portant, failures have also occurred. One detailed
example is provided below.
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HUMAN-MOUSE COMPARATIVE GENOMICS

To identify gene regulatory elements within a four-
gene apolipoprotein cluster on human chromosome
11923 (Karathanasis 1985; Pennacchio et al. 2001), we
performed human—mouse comparative analysis as a fol-
low-up to the successful discovery of CNS1 within the in-
terleukin gene cluster on human chromosome 5. Once
again the goal was to find highly conserved human—
mouse noncoding elements within this interval that could
be tested for biological activity in vivo. Toward this goal,
we chose to explore in further detail a ~600-bp human
noncoding fragment that displayed ~70% identity with
mouse (Fig. 2A). Similar to CNS1 in the interleukin clus-
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ter, this conserved sequence stood out discretely within a
larger interval devoid of other noncoding conservation.
This single finding supported that this human—mouse el-
ement has resisted “genetic drift,” presumably due to
functional constraints. The fact that it existed so promi-
nently in a large interval containing four apolipoproteins
with a complex expression pattern, and based on our pre-
vious experience with CNS1, suggested it too was a gene
regulatory element.

To test this hypothesis, we engineered a bacterial artifi-
cial chromosome (BAC) containing the entire human
apolipoprotein gene cluster with loxP sites flanking the
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Figure 2. Identification and analysis of a highly conserved noncoding sequence in the APOA1/C3/44/45 gene cluster. (4) A hu-
man-mouse VISTA plot displaying the level of genomic sequence conservation. In each panel, 30 kbp of contiguous human sequence
is depicted on the x-axis. Above each panel, horizontal arrows indicate known genes and their orientation with each exon depicted by
a box (gene names are indicated above each arrow). The VISTA graphical plot displays the level of homology between human and
the orthologous mouse sequence. Human sequence is represented horizontally, and the percent similarity with the mouse sequence is
plotted vertically (ranging from 50 to 100% identity). The vertical arrow indicates a highly conserved noncoding sequence. (B) Strat-
egy for studying conserved noncoding sequences in vivo. A human BAC containing the apolipoprotein gene cluster is engineered to
contain loxP sites flanking the conserved sequence of interest. Following the generation of a founder mouse, breeding experiments to
Cre-recombinase-expressing mice generate a second line of animals with deletions for the conserved element of interest. (C) RNA
analysis of transgenic mice (Tg) containing the conserved element (CNS) compared to transgenic mice lacking the element (ACNS).
A wild-type control mouse is also provided (CT). Liver and intestine total RNA were prepared and hybridized with human-specific
probes for APOA1, APOC3, APOA4, and APOAS5. Mouse (3-actin was used as an internal control. No differences were detected in tran-
script levels from transgenic animals containing the conserved element compared to animals lacking it.
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highly conserved sequence (Fig. 2B). Our goal was to cre-
ate two lines of transgenic mice; one that contained the hu-
man BAC plus the conserved element and a second that
contained the human BAC minus the conserved element.
This strategy was selected because it allowed us to com-
pare the expression pattern of the human genes within the
BAC in the two lines of transgenic mice in a position- and
copy-number-independent manner. This was achieved by
breeding the original transgenics for the BAC plus the
conserved element flanked by loxP sites with Cre-Recom-
binase-expressing animals that produce a second line of
mice where the conserved element was deleted (Fig. 2B).

Examination of mice with the conserved element com-
pared to mice lacking the element revealed no detectable
difference in any of the neighboring apolipoproteins’
known expression pattern, despite extensive RNA analy-
sis (Fig. 2C). In addition, determination of the protein
levels of these genes in plasma also indicated no differ-
ences despite the deletion of the conserved element.
These studies indicate that under the in vivo conditions in
which these elements were assessed, no function could be
assigned to this conserved sequence. Whether it functions
in gene regulation at another time point or environmental
condition or performs non-gene regulatory roles remains
unclear. Alternatively, the element could be functionless.
As a second approach to test for gene regulatory proper-
ties, we fused this conserved sequence to a minimal re-
porter vector and generated transgenic mice. Again, this
600-bp fragment was found to lack enhancer activity, in
this case in 13.5-day embryos (data not shown). This ex-
ample highlights the complexity of assigning function to
highly conserved DNA elements and the determination of
what assays are the best to capture the endless number of
functional possibilities. Although human—-mouse com-
parative genomics have provided the identity of numer-
ous conserved elements with gene regulatory properties,
many conserved elements are unlikely to be easily as-
signed a function. A key part of the interleukin CNS1
study was the detailed phenotypic analysis of /L-4, IL-5,
and /L-13. This particular phenotype was only found in
stimulated T},2 cells that were analyzed by flow cytome-
try. Had a less sensitive phenotypic assay been per-
formed, CNS1 would also appear nonfunctional. These
two examples, the interleukin cluster on chromosome
5g31 and the apolipoprotein cluster on 11g23, provide
early insights into the types of data expected to result
from comparative genomic-driven studies. Having a
strong understanding of a given gene’s complex expres-
sion pattern and phenotypic assays to assess this com-
plexity is anticipated to greatly aid in the identification of
gene regulatory elements.

EXTRAPOLATING GENE REGULATORY
SCANS TO THE WHOLE GENOME

The recent completion and comparison of a draft
genome sequence of mouse to that of human revealed a
striking amount of DNA conservation. In one study, it
was found that ~40% of the human genome could be
aligned to the mouse genome at the nucleotide level (Wa-
terston et al. 2002). In a second study, separate analysis

uncovered the identity of over one million discrete hu-
man-mouse conserved elements across the human
genome (=70% identity over =100 bp) (Couronne et al.
2003). Further extrapolations from these studies strongly
support that the vast majority of human—mouse conserva-
tion is found in noncoding DNA. For instance, if 40% of
the human genome can be aligned to mouse and yet only
~5% of the genome is found in mature mRNA transcripts,
most human—mouse conservation cannot be explained by
this category of expressed DNA. In addition, of the more
than one million discrete human—mouse conserved ele-
ments, current estimates suggest that only ~200,000 of
these elements are conserved as the result of exons. Thus
again, current predictions suggest that a significant
amount of conservation exists in noncoding human DNA
(Waterston et al. 2002; Couronne et al. 2003). A key
question that remains is, What fraction of this noncoding
DNA is functional, and what biological processes do they
perform? High-throughput strategies are currently
needed to categorize this large number of human—mouse
conserved noncoding sequences.

One strategy to reduce the large number of human—
mouse noncoding sequence elements for functional stud-
ies is to perform additional multispecies sequencing and
analysis (Mayor et al. 2000; Schwartz et al. 2000; Pen-
nacchio and Rubin 2001, 2003; Frazer et al. 2003). This
can be achieved through the addition of a small number
of more distantly related species (such as fish, bird, or
amphibian), or through the use of a larger number of sim-
ilarly distanced species (such as several additional mam-
mals) (Bagheri-Fam et al. 2001; Gilligan et al. 2002;
Gottgens et al. 2002; Cooper et al. 2003; Ureta-Vidal et
al. 2003).

DEEP PRIMATE SEQUENCE COMPARISONS
TO REVEAL “PHYLOGENETIC SHADOWS”

In contrast to distant cross-vertebrate sequence compar-
isons, a recently developed strategy for annotating
genomes has been to perform deep sequence comparisons
of evolutionarily closely related species (Boffelli et al.
2003). The general goal previously described for cross-
species sequence comparisons is to use species of rela-
tively distant phylogenetic positions to maximize the
identification of functionally conserved sequences. How-
ever, this strategy fails in the search for species-specific
genes and regulatory sequences such as those unique to
primates. Recent comparison of the human and mouse
genomes indicates that only ~80% of human-mouse
genes have a 1:1 orthologous relationship (Waterston et al.
2002). Thus, there is a need for strategies to characterize
the 20% of genes and regulatory elements that do not have
a true ortholog in both humans and mice. For these stud-
ies, comparing human sequences to that of closer evolu-
tionary species is warranted. Yet, the use of primate se-
quences for cross-species sequence comparisons is limited
due to the high level of homology between these species.

“Phylogenetic shadowing” was developed to overcome
the excessive sequence identity shared between two pri-
mates, making their use in cross-species sequence com-
parisons possible (Boffelli et al. 2003). The principle be-
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Figure 3. “Phylogenetic shadowing” of closely related species. (4) The alignment and comparison of sequences from multiple pri-
mate species reveal sequences that have been conserved across most species, making them candidates for being functionally relevant
due to presumed evolutionary constraint at these sites. (B) Primate-specific phylogenetic shadowing reveals a previously defined exon
for the apolipoprotein B gene (4POB). On the x-axis, a variation score is provided with more negative scores indicating less variable
regions, and on the y-axis, 1500 bp of human sequence is displayed. The known APOB exon in this interval is depicted by a solid black
line within the plot. Note the decreased amount of primate variation in regions corresponding to the exon. (C) Primate phylogenetic
tree based on a single genomic interval. A carefully selected set of species that maximize phylogenetic distance (boxed) can capture
the majority of the phylogenetic shadows and thus can reduce the amount of genomic sequence information required.

hind this strategy is to analyze orthologous sequence
from numerous primate species to increase the sum of the
evolutionary distance being compared. Rather than per-
forming only pair-wise comparisons between human and
mouse, phylogenetic shadowing compares a dozen or
more different primate species. The additivity of these
primate differences robustly defines regions of increased
variation and “shadows” representing conserved seg-
ments (Fig. 3A).

In its first use, phylogenetic shadowing proved suc-
cessful in the identification of both exons and putative
gene regulatory elements (Boffelli et al. 2003). This work

generated and analyzed 13—17 primate species for several
orthologous genomic segments. Examination of a single
exon from four independent genes revealed highly con-
served shadows that overlapped with these functionally
important regions (one example is provided in Fig. 3B for
an exon of the apolipoprotein B gene). Further analysis of
the human apolipoprotein (a) gene (apo(a)) revealed
highly conserved motifs embedded within the upstream
promoter region. Functional characterization of these
phylogenetic shadows compared to more variable flank-
ing DNA supported their role in regulating apo(a) ex-
pression (Boffelli et al. 2003).
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Additional analyses of these data sets suggest that less
than a dozen primate sequence comparisons can suffice to
detect functional sequences, provided they maximize the
phylogenetic distance. In fact, in Figure 3B, only five pri-
mates were examined, and they proved successful in
identifying an exon of the apolipoprotein B gene based on
conservation. These species included human, talapoin,
hanuman, spider monkey, and marmoset, which represent
the most diverse primates within the large primate se-
quence data set (Fig. 3C). This initial success warrants
further examination of this technique in other genomic in-
tervals to determine its overall utility and suggests that
this approach on a genome-wide scale will aid in the iden-
tification of both human exons and gene regulatory ele-
ments.

CONCLUSIONS

We have entered an era in which the entire genomes of
an increasing number of vertebrates have been sequenced
and human—mouse whole-genome comparisons are pro-
viding early insights into the realm of possible discover-
ies. The single human—mouse pair-wise comparison has
revealed new genes, regulatory elements, and an entire
catalog of highly conserved sequences with putative
functionality. However, with this data set, it has become
clear that no single pair-wise comparison is suited to cap-
ture all biological activity. Current efforts to sequence a
wide variety of species, both evolutionarily closer and
more distant from humans, are warranted (Boguski 2002;
Sidow 2002). Clear examples exist of how human—-mouse
comparisons fail to capture known human functional ele-
ments and support closer sequence comparisons. In addi-
tion, certain regions of the human and mouse genomes
are highly similar over long lengths, thereby shielding the
identification of highly conserved motifs for functional
studies. Thus, the generation of a wide-ranging sequence
data set from a variety of vertebrates and beyond will pro-
vide useful information as to the genetic changes that
have occurred over the evolutionary process and resulted
in present-day Homo sapiens.
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